The coding sequence of the cytosolic isozyme of potato tuber pyruvate kinase (PK) was attached to the transit peptide of the small subunit of pea ribulose-1,5-bisphosphate carboxylase oxygenase and placed under the control of the cauliflower mosaic virus 35S promoter. This construct was transformed into Nicotiana tabacum. Unexpectedly, two primary transformants were recovered in which PK activity in leaves was greatly reduced. The reduction in PK activity appeared to result from the complete absence of the cytosolic form of the enzyme (PKl 
5Abbreviations: PK, pyruvate kinase; PK&, cytosolic pyruvate kinase; PKp, plastid pyruvate kinase; SSPKC, potato cytosolic pyruvate kinase cDNA fused to the transit peptide for the small subunit of pea Rubisco; SSC, 150 mi NaCl, 10 mm sodium citrate, pH 7.0; CaMV, cauliflower mosaic virus; PEP, phosphoenolpyruvate, T-DNA, transferred DNA. 820 nonplant sources (20) . In all eukaryotes, PK is found within the cytosol, but in plants, PK is also located in plastids. The properties of several highly purified or homogeneous plant cytosolic and plastidic PKs (PKc and PKp, respectively) have recently been examined in detail (12, 15, 16, (23) (24) (25) (26) . PK, and PKp differ significantly in their molecular and kinetic characteristics and are immunologically unrelated proteins (12, 15, 16, (23) (24) (25) (26) . DNA sequence analyses have shown PK, and PKp to be distinct isozymes (1, 2) . PKc from plants is similar to PK found in other eukaryotes, with approximately 50% of the amino acid residues identical to the nonplant enzyme and with all amino acids essential for substrate binding at identical locations (1) .
The absence of PK should have a major impact on metabolism. In yeast, for example, the ability to grow on glucose is lost in mutants that lack PK (18) . PK-deficient Escherichia coli mutants lose the ability to metabolize glucose anaerobically (7) . In humans, a genetic defect that results in the absence of PK activity in red blood cells gives rise to the serious condition of hemolytic anemia (19) .
Nicotiana tabacum was transformed with a vector that was designed to study the impact of over-expressing PK, in the plastids. Two transgenic plants were recovered that lacked PKc in their leaves. Despite the absence of this enzyme, the plants appeared morphologically normal and had rates of photosynthesis and respiration similar to wild type. These results illustrate the remarkable flexibility of plant metabolism, which is probably an evolutionary adaptation to the stresses plants normally experience. PKc cDNA (1) fused to a pea Rubisco small subunit transit peptide (RBCS-SSTP) was used to replace the GUS gene of the binary transformation vector pBI121 (13) . NPT (1) was joined in-frame at the first methionine codon behind a fragment containing 31 (6) , 2% (w/v) sucrose, and 0.8% (w/v) Difco Bacto agar. Leaf explants were excised and precultured for 2 d on N. tabacum cell suspension nurse cultures using the double filter paper technique (11) on MSB5 medium with 1 mg/mL 6-benzylaminopurine, 0.1 mg/mL a-naphthalene acetic acid, 3% (w/v) sucrose, and 0.6% (w/v) agarose (FMC, Seakem, ME). The explants were inoculated with an overnight culture of A. tumefaciens strain GV3101 (pGV3850, p12135) for 60 s, blotted, and cocultivated for 2 d on the nurse culture. The explants were then transferred to MSB5 medium with 1 mg/ mL 6-benzylaminopurine, 0.1 mg/mL a-naphthalene acetic acid, 3% (w/v) sucrose, 500 ,g/mL cefotaxime (Roussel), 100 gg/mL kanamycin (Sigma), and 0.6% (w/v) agarose. Welldifferentiated shoots were excised and transferred to MSB5 medium with 2% (w/v) sucrose and 0.5% (w/v) agarose. Plantlets were propagated in vitro on the same medium by dissecting the stems into pieces that had axillary or terminal buds. Plantlets were transferred to soil and self-pollinated at maturity.
MATERIALS AND METHODS

Nucleic Acid Manipulations
Total RNA was isolated from tobacco leaves using guanidinium salts followed by centrifugation through a CsCl cushion (17) . Total RNA was electrophoresed through 1% (w/v) agarose gels containing formaldehyde (14) . RNA was transferred to Biotrans membrane (ICN) and hybridized (420C, 50% formamide) with random primer (5) The final wash was in 0.1X SSC and 0.1% (w/v) SDS at 550C. Total DNA was isolated from expanding leaves essentially as described previously (9), cleaved with restriction endonucleases, and resolved by electrophoresis through 0.8% (w/v) agarose gels. DNA was transferred to Nytran membrane (Schleicher and Schuell) and hybridized at 650C to random primer labeled probes (BRL) according to protocols supplied by the manufacturer. The final wash was in 0.1X SSC and 0.1% (w/v) SDS at 650C.
Enzyme Extraction
Tissues were homogenized (1:3 w/v) using a chilled mortar and pestle together with a small amount of sea sand and 100 mM imidazole-HCl (pH 7.5) containing 1 mm EDTA, 1 mM EGTA, 2.5 mM MgCl2, 20 mm NaF, 2 mm DTT, 10 mm KPi, 10 mM thiourea, 20% (v/v) glycerol, 0.5% (v/v) Triton X-100, 1 mM PMSF, 10 ,ug/mL chymostatin, 10 ytg/mL leupeptin, and 2.5% (w/v) insoluble polyvinylpolypyrrolidone. An aliquot of each homogenate was centrifuged for 8 min at 40C in an Eppendorf microcentrifuge at 16,000g. For thermal stability studies, clarified homogenates were incubated for 3 min at the indicated temperatures, cooled for 3 min on ice, centrifuged in an Eppendorf microcentrifuge for 5 min, and the supernatant was assayed for PK activity as described below.
PK Assay PK activity in expanding leaves was assayed spectrophotometrically at 300C as described previously (24) . The assays were conducted in duplicate and were corrected for PEP phosphatase activity by control assays in which ADP was excluded. One unit of enzyme activity is defined as the amount of enzyme resulting in the utilization of 1 umol PEP min-'. The values are a mean of at least three independent determinations and are reproducible to within ±10% SE.
Immunological Detection of PK
Clarified homogenates, prepared as described above, were subjected to SDS-PAGE and blot-transferred to polyvinylidene difluoride membrane (Immobilon P) as previously described (24) . Blots were probed using rabbit anti-(castor bean PK,)-immunoglobulin G that had been affinity purified with immobilized PKC, and antigenic polypeptides were visualized using an alkaline phosphatase-linked secondary antibody (24) ; phosphatase staining was from 5 to 10 min at 300C.
Measurement of Oxygen Exchange and Metabolite Levels
Photosynthetic O2 evolution and respiratory O2 consumption were measured on 10-cm2 leaf discs in a Hansatech leaf disc electrode system (Kings Lynn, UK). Photosynthesis was measured at saturating light (1000 ,uE m-2 * s-1). After a stable rate was obtained (about 10 min), the lights were turned out and respiratory 02 consumption was monitored until a stable rate was recorded (about 10 min). Metabolite levels were determined from dark-adapted leaf discs (15 min) quenching in liquid N2 as previously described (31) .
RESULTS
Generation of Transgenic Tobacco
A vector containing the Rubisco small subunit transit peptide fused to potato PKc cDNA, under the control of the CaMV 35S promoter (Fig. 1) , was transformed into tobacco to study the metabolic impact of over-expressing PK, in plastids. Preliminary screening of transgenic plants for PK activity unexpectedly detected two plants with significantly reduced levels of PK in the leaves when compared with wildtype plants. One of these plants, 1-121-35, was chosen for further analysis.
Southern and Northern Blot Hybridization Analysis
To determine the number of copies of integrated T-DNA within the plant 1-121-35, genomic DNA was digested with the enzyme Eco R1. Since EcoRI cleaves only once within the T-DNA 3' to the nos terminator ( Fig. 1) , probes 1 and 2 (indicated in Fig. 1 ) will detect the hybridizing fragments that terminate at the EcoRI site in the T-DNA and at an EcoRI site within the plant DNA. The number of hybridizing bands should indicate the number of T-DNA inserts. Hybridization of the same Southern blot with either an NPT II fragment (probe 1) or a potato cDNA fragment (probe 2) indicated that 1-121-35 contained two T-DNA inserts (Fig. 2A) . The lack of gross rearrangements within the T-DNA inserts was confirmed by additional Southern blot analysis (data not shown). Progeny segregation analysis resulted in a segregation ratio of 15:1 for kanamycin resistance, which is consistent with the presence of two T-DNA loci within the genome.
Northern blot analysis was performed to determine if the SSPKC transgene was expressed in leaves of 1-121-35. The potato cDNA (probe 3) was found to hybridize weakly to an mRNA of the expected size of 2.0 kb (Fig. 2B ). This mRNA was not detected in the leaves of untransformed plants. When a tobacco PK, cDNA fragment (probe 4) was used, an mRNA of about 1.9 kb was detected. However, the level of the endogenous mRNA in the transgenic plant appeared consid- erably reduced when compared with the wild type. This may account in part for the reduction of PK activity in these plants.
PK Activity and Immunoblot Analysis 1-121-35 was found to have PK activity in the leaves that was equivalent to about 20% of wild-type levels (Table I ). This reduction in activity appeared to be specific for PK because the activities of other enzymes, including both the ATP and pyrophosphate-dependent phosphofructokinases, NAD-malic enzyme, PEP carboxylase, and PEP phosphatase, were within 10% of wild-type levels.
The reduction in PK activity in 1-121-35 was a result of a specific loss of PK,. This was determined by assessing the heat stability of the residual activity because PKp is heat labile whereas PK, is relatively heat stable (12, 15, 16) . Figure 3 demonstrates that the PK activity in the leaves of 1-121-35
was completely eliminated at 550C, whereas most of the PK activity was retained in wild-type leaf extracts at this temperature. These data suggest that the residual PK found in the PK-deficient plant is due entirely to the presence of chloroplast PKp, and that PKc has been eliminated.
The absence of PKI in the leaves of these plants was confirmed by western blot analysis. Application of PK,-specific antibodies (24) did not detect any immunologically crossreacting protein in leaf extracts from PK,-deficient plants (Fig.   4 ). In contrast, PK, protein could be detected in the leaves of all plants with normal PK, activity (Fig. 4 and data not  shown) . However, wild-type levels of PKc were found in the roots of the plants lacking PKc in their leaves (Fig. 4) Fig. 4 ; Table I ).
Metabolite Levels and Oxygen Exchange
Metabolite analyses of leaves showed that both wild-type and PKc-deficient plants had similar levels of pyruvate (Table  I) . However, the PK,-deficient plants contained significantly higher levels of PEP, resulting in a pyruvate/PEP ratio that was at least an order of magnitude lower in these plants.
These data indicate that the conversion of PEP to pyruvate is restricted in PKc-deficient plants, consistent with a block at the reaction catalyzed by PK. There were no significant differences in the rates of photosynthetic 02 evolution or respiratory 02 consumption between the leaves of wild-type or PK-deficient plants (Table I ). The absence of PKc did not cause any change in the adenylate energy charge of these leaves (data not shown).
DISCUSSION
PK has been considered an essential enzyme of the glycolytic pathway in all eukaryotes. The isolation of plants that appear normal and yet completely lack PKc in their leaves demonstrates the remarkable flexibility of plant metabolism. The specific reduction of PK, observed in these plants following the introduction of the PKc transgene is reminiscent of recent reports of 'co-suppression' phenomena, where the introduction of homologous transgenes into petunia (22, 30) , tomato (27) , and tobacco (8) (3, 4) or by the combined action of PEP carboxylase, malate dehydrogenase, and NADmalic enzyme (29) . Although the levels of several of these enzymes did not change in the PK,-deficient leaves, the flow of carbon through these alternative pathways might be initiated at elevated levels of PEP. It is also possible that high levels of PEP cause an increased flow of glycolytic carbon from the cytosol to the chloroplast, where it may be metabolized by plastid glycolysis. The flexibility of plant metabolism is essential if plants are to withstand sudden changes in the environment without the buffer of a homeostatic mechanism to maintain a constant cellular environment. For example, in nature, plants will experience changes in light intensity that will dramatically change the magnitude and type of carbon compound available for metabolism within the cell. In addition, the water and inorganic nutrient status of the plant may change over relatively short periods of time. The presence of multiple enzymes at key steps in metabolic pathways (3, 4, 28, 29) could be a means of providing this flexibility. It is probable that the PKc-deficient plants described above develop normally because they are grown under favorable conditions in a growth chamber and that they would not be able to compete successfully with wild-type plants when subjected to normal environmental stresses. The availability of transgenic plants in which the level(s) of key enzyme(s) have been altered will allow us to elucidate the relative importance and role(s) of each alternative enzyme.
